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The Rotorcraft Center of Excellence at the
University of Maryland

Introduction

The Center for Rotorcraft Education and Research (CRER) at the University of Mary-

land was established by the U.S. Army Research Office (ARO) in the Fall of 1982 as one

of three Centers of Excellence, along with Georgia Institute of Technology and Rensselaer

Polytechnic Institute, and is dedicated to the advancement of education and research in

rotating wing aircraft technology. The Center has just completed an initial five-year term,

and during this relatively short time has grown towards a level of maturity which signifi-

cantly contributes towards the overall advancement of rotating wing aircraft technology.

Traditionally, the training required beyond a degree in Aerospace Engineering to pur-

sue a career in rotating wing aircraft, technologies has been placed mainly on industry

through on-the-job training. In 1980, the U.S. Army's Vertical Lift Technology Review

committee recognized this situation, and emphesized the need to train more specialists in

these technologies. The committee ultimately recommended the establishment of a small

number of centers of excellence in rotating wing aircraft technology among respected uni-

versities. This reconmendation became a reality when the U.S. Army, through the ARO,

conducted an open competition between universities. Under the direction'of Professor Al-

fred Gessow, one of these Centers was formed at the University of Maryland. Now for the

first time in the United States, and probably internationally, there are three major univer- OI

sities offering a complete spectrum of specialized graduate courses in the various rotorcraft COPY

disciplines. This has provided an immediate benefit to industry and government which 6

now have an increasing number of M.S. and Ph.D. graduates available with specialized
or

rotorcraft training.

At the University of Maryland, the Rotorcraft Center (CRER) is an integral part of

the Department of Aerospace Engineering. Although the Department, as a whole, has

many generic disciplinary research strengths (e.g. in aerodynamics, hypersonics, finite-

element analyses, composite structures), a significant part of the Department's resources -
,y Codes

is devoted to the rotorcraft program. The objectives of CRER are to undertake research matdor
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into rotorcraft problems from a multidisciplinary standpoint, as well as to provide graduate

engineering education for those pursuing careers in the rotorcraft industry.

The People of CRER

Because of the somewhat unique multi-specialization required in rotorcraft engineering,

the Center attracts and involves a significant number of experienced faculty in its rotor-

craft program, most of whom have conducted previous rotorcraft research in industry or

government. These faculty undertake research in addition to their developing and teaching

graduate level courses which specialize in the disciplines applicable to rotorcraft design.

At present, nine full-time faculty are actively involved in the research and teaching aspects

of the rotorcraft program. In addition, a number of full-time research associates - all of

whom specialize in rotorcraft engineering - significantly complement the research faculty.

Adjunct and visiting faculty also contribute to both teaching and research aspects of the

program.

The strong research and educational aspects of the Rotorcraft Program at the Univer-

sity of Maryland has correspondingly attracted high-caliber students who are motivated to

pursue rotorcraft engineering as a career. At present, the total number of full-time rotor-

craft graduate students at the Center has stabilized at. around thirty. Currently, about 60%

of the students are supported by the ARO through the prestigious U.S. Army Fellowship

Program. A few students are supported with the assistance of the University's internal

funds. The remainder are sponsored from other research grants and through educational

leave programs from industry, the U.S. government, and from foreign governments (e.g.

France, Israel, Brazil, South Korea). A number of students have also received Vertiflite

Fellowship awards from the American Helicopter Society.

Although office space is a scarce commodity on the campus, the University has refur-

bished a wing of an existing building to provide offices for all the rotorcraft students. In

addition, the bv;ding houses a large seminar room, a small laburat.iry and a computer

room which has access to all campus micro and mainframe computers. The daily interac-

tion of the students in their offices provides a very productive learning atmosphere which

complements the formal classroom and laboratory learning.
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The various research studies at the Center are carried out by faculty, and by students

under the direction of individual faculty. A significant part of the research faculty is

composed of full-time research associates, who are all experienced rotorcraft researchers.

In addition, three support engineers are responsible for providing technical support for the

experimental research programs and computing facilities.

Research Thrusts

Because research conducted at the Center is not directed towards the development

of a particular aircraft type, the scope is somewhat different from research conducted in

industry and to some extent, from that in government laboratories. Fundamental research

is undertaken in leading-edge technology areas which have longer term payoff possibilities

and is directed towards improving the fundamental understanding of the aeromechanical

processes which govern the behavior of rotating wing aircraft. Where possible, parallel

theoretical and experimental projects are developed, with the experimental work aiding in

the validation of the theory or revealing inherent limitations.

Ongoing research at the CRER focus on the important subdisciplines of rotating wing

technology including dynamics, aerodynamics, aeroelasticity, structures and composite ma-

terials, flight mechanics and, of course, the complex interactions between these disciplines.

One of the major thrusts at the Center is in rotor dynamics and aeroelasticity, an

area in which Maryland excels. Under the direction of Dr. Inderjit Chopra, the Center

is actively investigating many complex dynamics problems, including aeroelastic stability,

gust response, vibration and loads, and ground and air resonance. One of the topics

which has received particular attention is the aeroelastic stability and response of rotors

in forward flight, with emphasis on hingeless and advanced bearingless rotors. Through

the sponsorship of NASA, the Center has also conducted research into the aeroelastic

optimization of rotors to minimize vibration and blade stresses, and to maximize aeroelastic

stability margins.

Another topic which has been the focus of considerable research at the Center is the dy-

namics of composite rotor blades. Composite materials, for example, are used extensively

in the construction of blades and significant potential exists to tailor blade characteristics
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with these materials. Research at the Center has identified the significance of coupling

terms on blade stability which result from stiffness-coupling created by non -balanced corn-

posite plies.

In a quest to reduce the inherent vibration on rotorcraft, the application of higher

harmonic control (ttHC) is another activity under investigation at the Center. To this

end, a comprehensive analysis (including refined unsteady aerodynamic modeling) has

recently been developed to predict the vibratory hub loads of a helicopter rotor system.

The analysis is then used to compute optimum HHC control inputs and associated actuator

power required to minimize these hub loads and the vibration levels.

Most of the rotor dynamics research is being done in close collaboration with outside

organizations, particularly NASA and the Army. In all cases, theoretical developments in

rotor dynamic analyses are supported by correlating predictions with experimental data

obtained from a variety of sources, including rotor tests in the University's 8 by 11 foot

Glenn L. Martin wind tunnel.

Rotor aerodynamics is another area of research which is being actively pursued at

the Center. By virtue of their design, rotorcraft operate in a highly three-dimensional

and unsteady aerodynamic environment, and as a result many important aerodynamic

effects are difficult to predict and model accurately. For example, the rotor encounters

transonic flow effects on the advancing blade, stalled conditions on the retreating blade and

produces a complex trailed wake system which is a major source of three-dimensionality

and unsteadiness.

Modeling of unsteady aerodynanics and dynamic stall effects on the rotor is one area

of research which is receiving considerable attention. This research is conducted by Dr.

Leishrman is directed towards improving the predictive capabilities of the comprehensive

rotor aeroelasticity codes which are also under development at the Center. Besides the

modeling of unsteady stalled flow effects on the rotor, significant effort has been made

to couple finite-difference type aerodynamic methods into the rotor aeroelasticity codes.

Some of this work is being conducted in collaboration with ONERA of France.

Another area of aerodynamics research is directed towards providing an improved un-

derstanding of the interactional effects between the rotor and the fuselage. This research
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is being undertaken by Drs Leishman, Rand, Barlow and Jones. To complement the con-

tinued development at the Center of a theoretical analyses of this problem, an extensive

experimental program is planned for 1988. These experiments will be performed in the

Glenn L. Martin wind tunnel utilizing an in-house developed model rotor rig and a com-

prehensively (pressure) instrumented fuselage model (Fig. 1). There is a severe shortage

of experimental data on this important interactional problem and this experiment should

contribute to closing the existing gaps in our knowledge.

Other aerodynamics research that has been pursued by the Center include the under-

standing of unsteady blade tip vortex formation, which has been conducted over the last

few years by Dr. Winklemann. Another important research area is the behavior of cir-

culation controlled airfoils. This latter research has been pursued on both computational

and experimental levels and has a direct relevance to the X-wing and NOTAR technology

base. More recently, work has also been initiated by Dr. Leishman to study the behavior

of swept tip rotor blades at high angles of attack corresponding to the retreating side of

the rotor. A series of rotor tests with a variety of tip shapes will also be undertaken in the

Glenn L. Martin wind tunnel during 1988.

Because of the importance of composite structures in rotorcraft design, the Center is

pursuing an extensive theoretical and experimental research program in composite mate-

rials under the direction of Drs. Lee and Vizzini. In one such investigation, finite element

modeling is used to accurately determine the characteristics of rotor blades undergoing ax-

ial, bending and torsional loading. The formulation takes into account finite rotation and

warping, effects as well as variations in cross- sectional shape, taper, pre-twist, sweep and

ply lay-up. Another investigation considers the failure mechanisms of composite materials,

specifically, the effects of water absorhtion, elevated temperatures, and cyclic loading. All

this research is supported by parallel experimental investigations.

This year marks the beginning of a new, vigorous research activity in rotorcraft flight

mechanics and control at the Center. This is an area that has received considerably

less attention from the rotorcraft research community than it should have, at a time when

handling qualities and maneuverability may drive the design of the next generation of both

civil and, in particular, military helicopters. Under the direction of Drs. Celi and Barlow,
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one of the main projects in this area will be the development of comprehensive analytical

tools for the design of high-gain, digital flight control systems for highly maneuverable

combat helicopters. Sponsored by the Army, and conducted jointly with the Systems

Research Center at the University of Maryland, this project will also see a close cooperation

with the Flight Research Division of the Royal Aircraft. Establishment in Great Britain.

Besides developing its own research programs and experimental facilities, personnel

from the Center also interact extensively with industry and government laboratories in

research problems that are unique to the development of rotating wing aircraft. The

objective here is to interchange ideas and results with other investigators in the field and

to disseminate quickly and widely any results from the ongoing research programs.

As with most research programs, the most tangible results of Maryland's rotorcraft pro-

gram are the research papers which present the research output and advances in knowledge

to the rotorcraft community. Since the inception of the Center, over 45 papers have been

accepted for publication in major technical Journals. In addition, some 65 papers have

been published in Conference Proceedings, workshops and other meetings. In particular, in

1988 alone, five papers were presented by faculty and students at the Second International

Conference on Rotorcraft Basic Research in February, seven papers were presented at the

AIAA Structural Dynamics and Materials Conference in April, and another four papers

will be presented at the AHS Annual Forum in June. Bearing in mind that the Center

has only been established some five years, these accomplishments attest to the vitality and

productivity of the faculty and student body.

The Center initiated and took a lead role in organizing the First International Con-

ference on Rotorcraft Basic Research held in February 1985 at Triangle Park, NC. This

year, the Center organized and hosted the Second Conference at the University of Mary-

land. This Conference wab enormously successful, with some 30 papers being presented

on fundamental rotorcraft research by leading investigators from throughout the world.

Other ways of exchanging information and stimulating research are through a seminar

program, which averages about one meeting a week throughout the year. In these seminars,

both in-house speakers and visitors from government and industry provide a useful input

to supplement normal scheduled teaching.
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Facilities

The rotorcraft program has also made possible the development of a number of ex- b

perimental facilities which have been used at Maryland, and which will grow even more

useful in the years ahead. A comprehensive rotor test rig has been developed for use in

the University's Glenn L. Martin wind tunnel (Fig. 2 and 3). This rig can be used for

hover and forward flight testing of rotors with various hub and blade configurations up

to seven feet in diameter. The rig has remote collective and cyclic pitch controls plus re-

mote shaft angle control. A six component hub balance which measures rotor aerodynamic

loads is also part of the system. Blade and other rotating instrumentation are interfaced

through a slip-ring system. This rotor rig provides a capability for carrying out a vari-

ety of aerodynamic and aeroelastic stability tests. The stability testing of the Integrated

Technology Rotor (ITR) (Fig. 4) will be undertaken with this system, which is sponsored

by the NASA/Ames Research Center.

The utility of the rotor rig has been greatly enhanced by the development of a real time

data acquisition and analysis system which has been put in place to serve several laboratory

experiments. The system is based on a HP 1000 computer for data analysis and display.

There are more than 150 channels available for digitizing instrumentation outputs. This

system is also linked to the university campus network of mini and mainframe computers,

and will be complemented in the near future by the addition of a number of computer

workstations purchased by the Aerospace Department.

A structural dynamics test facility has been developed which has a number of shakers

and harmonic analyzers connected to the laboratory data acquisition system. The facility is

used for the investigation of advanced testing techniques in the determination of helicopter

fuselage frequencies, mode shapes and damping characteristics. A recent addition to the

dynamics facility is a 10 foot diameter vacuum chamber (Fig. 5) which provides a capability

to test rotors (Fig. 6) in the absence of aerodynamic loadings. In these tests, piezo-electric

transducers are used to excite the various modes of blades vibration. This new facility

is being developed with the assistance of Dr. Chandra and will become fully operational 4.

during 1988.

The increasing use of composite materials in rotorcraft has motivated the formation of
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the Composites Research Laboratory at the Center which is directed by Dr. Vizzini. This

laboratory has a large automated autoclave and specialized test machines which are used

for making and testing advanced composite materials. The autoclave (Fig. 7) is equipped

with a microprocessor to provide automatic control of temperature and pressure during

the cure process.

All the above experimental and computational facilities are supported with the assis-

tance of research engineers, Messrs. Green, Samak and Ngo.

Education

Although a large effort at the Center is placed on research, there is also major em-

phasis .n the formal teaching of rotorcraft courses. Five graduate level courses, as well as

one undergraduate elective course, are included in the curriculum. These courses focus on

the aerodynamics, dynamics, aerelasticity, stability and control, and design of rot orcraft.

Because rotorcraft design requires a strong coupling of aeronautical disciplines, rotorcraft

graduate students are required to take all five of these courses. Recently, increased em-

phasis has been placed on instruction in the preliminary design aspects of rotorcraft. This

new course is taught by Mr. Stanzione and is supplemented by giving students hands-

on experience with computer codes such as HESCOMP and VASCOMP. In addition, the

increasing use of composite materials in rotorcraft has seen the development of two new

graduate level courses in composites in which rotorcraft applications are featured.

After completing these courses, students are well prepared to undertake research in

their selected discipline. Ultimately, these students leave the Center to move into industry

or government laboratories with unique rotorcraft knowledge and skills. These give the

student a significant head start over most entry-level engineers and scientists, and as a

result they are more immediately useful to their employers. In the five years since the

Center was established, 45 students have graduated with M.S. degrees and 14 will have

obtained Ph.D. degrees by the end of 1988, all of whom are extensively trained in rotorcraft.

It is clear that these students will be future leaders in the rotorcraft community.
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Future Directions

For the last five years, funding for CRER has been largely provided by the ARO.

However, the Center has obtained a sigificant number of research grants from Army, Navy,

NASA and DOT sources. During this time, significant internal awards have been received

from the University for the purchase of experimental equipment and to support graduate

students. It is the intention of ARO that the Center become self sustaining by 1992. To

this end, int-raction with government and industry is being pursued with increasing vigor.

The next few years, though, will be critical for the Center. p
Over the last five years, CRER haF proved its ability to significantly contribute to lead-

ing edge rotorcraft research. Unique theoretical and experimental facilities at the Center

are now developed and operational and provide a significant resource for rotating wing

research. The range and depth of rotorcraft courses developed have produced top-quality

graduates who have unique skills in rotorcraft technologies. However, the Center must con-

tinue to expand its horizons to remain a viable resource to the rotorcraft community. To

this end. we must expand our base of support to include a number of federal agencies and

continue to establish joint research programs with government laboratories and industry.

In particular, much more research is required to obtain a more comprehensive understand-

ing the behavior of tilt rotor aircraft. Furthermore, the essential educational aspects of the

program must be maintained so that graduates continue to be trained in the important

rotorcraft disciplines. In order that top-quality students continue to be attracted to the

program, efforts are underway to establish Fellowship support from industry.

The commitment made by the University and the U.S. Army has successfully estab-

lished the Center to the point where payoffs in rotorcraft education and research capabilites

are now being fully realized. The long term success of the Center necessitates that this

momentuni be continued with increasing vigor in the years to come.

9
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Fig. 1: Isolated fuselage model undergoing wind-tunnel
tests in preparation for rotor/fuselage interaction
experiments.

Fig. 2: Four-bladed articulated rotor system and
composite fuselage shell in the
Glenn L. Martin Wind Tunnel.
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Ph.D

Gunjit Bir -- with Advanced Rotorcraft Technology, Mountain View, California
Andrew L. Dull -- U.S. Army, West Point
Andrew Elliot -- McDonnell Douglas Helicopters
John Fish -- (May 1988)
Chang-Ho Hong -- University Professor in Korea
Jinseok Jang -- (May 1988)
Joon Lim -- (May 1988)
Brahamananda Panda -- with Kaman Corporation, Bloomfield, Connecticut
Vendatraman Raghavan -- (May 1988)
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ROTORCRAFT DEGREES AWARDED

M.S.

Michael F. Ausserer -- USAF detailed to FAA
Vit Babuska -- with Von Karman Institute
Randal Barber -- CIA
John E. Bate -- with Sikorsky
Philippe Benquet -- Ministry of Defense, France
A.S. Elliot -- McDonnell Douglas Helicopters (completed his Ph.D.)
Roger Farley -- with NASA Goddard
Phillip Fine -- with U.S. Army
S. Fledel -- Israeli Air Force
David Haas -- now at Naval Ship Research Development Center (pursuing Ph.D. in

Aerospace Engineering Department)
Jerry Higman -- with Patuxent Naval Air Center
C.H. Hong -- University Professor in Korea
J. Jang -- a Ph.D. student in Department of Aerospace Engineering
Mark Kammeyer -- with Naval Surface Weapons Center
K.C. Kim -- a Ph.D. student in Department of Aerospace Engineering
Y.H. Kim -- a Ph.D. student in Department of Aerospace Engineering
Joon Lim -- a Ph.D. student in Department of Aerospace Engineering
Dan Lopez -- a consultant
David Matuska -- with Sikorsky
Olympio Mello -- (May 1988)
Stephen K. Mouritsen -- with McDonnell Douglas Helicopters
Kevin Noonan -- with Aerostructures Directorate, NASA Langley
Hieu Ngo -- Helicopter Research Engineer, University of Maryland
Khahn Nguyen -- a Ph.D. student in Department of Aerospace Engineering
Shanmugan Paragiri -- at Glenn L. Martin Wind Tunnel, University of Maryland
Ramana Pidaparti -- a Ph.D. student at Purdue University
Williamn Pogue -- (May 1988)
Aaron Salzberg -- Naval Research Lab
D.K. Samak -- an Engineer with the Department of Aerospace Engineering,

University of Maryland
Michael Scardera -- with U.S. Air Force
Brian Schwiesow - with Bell Helicopter
Mark W. Scott -- with Sikorsky
Alan D. Stemple -- a Ph.D. student in Department of Aerospace Engineering
Frederick Tasker -- a Ph.D. student in Department of Aerospace Engineering
Agnes Todorov -- (May 1988)
Michael Torok -- a Ph.D. student in Department of Aerospace Engineering
Andrea Traversi -- with Eliotos Helicopters, Italy
James Wang -- a Ph.D. student in Department of Aerospace Engineering
Bernard Wunder -- with Patuxent Naval Air Center
John Vorwald -- with Naval Surface Weapons Center
David Yeh -- a Ph.D. student at Stanford University
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